Introduction {#sec1}
============

A large amount of data has been accumulated about the composition of circulating cell-free DNA (cfDNA) in the blood of higher organisms, but the biological function of cfDNAs remains to be discussed. Nowadays, several measurements of cfDNA characteristics are used in cancer patient liquid biopsies: SNP analysis of proto-oncogenes and onco-suppressors, changes in the pattern of DNA methylation, and the abundance of oncogene fragments and other specific fragments of tumor-derived DNA microsatellites, tandem repeats, and mobile genetic elements.[@bib1], [@bib2], [@bib3] Although attempts have been made to use cfDNAs as indicators of cancer development, based on the content of specific DNA sequences in the blood, the low sensitivity of cfDNA measurement methods, and failure to apply developed markers for early-stage tumor development, has significantly limited the clinical application of this analysis.[@bib4]^,^[@bib5] On the other hand, increases in microsatellite content, tandem repeats, and mobile genetic elements are commonly detected in the early stages of cancer, both in experimental tumor models and patients, causing researchers to consider these sequences as potential markers for prognosis, as well as factors in disease progression and cure.[@bib6]^,^[@bib7]

Retrotransposons, a type of mobile genetic element (MGE), are able to self-reproduce in the genome through RNA intermediates. These elements can be located in a tandem manner (satellite heterochromatin, telomeres, etc.) or scattered throughout the genome.[@bib8] Dispersed short-interspersed nuclear elements (SINEs) are short DNA sequences (less than 500 base pairs) formed by reverse transcription of short RNA molecules: 5S rRNA, tRNA, and various microRNAs (miRNAs).[@bib9], [@bib10], [@bib11] SINEs do not encode proteins and their transposition in the genome depends on other mobile elements.[@bib12] The most famous and well-investigated SINEs are human Alu-repeats and their murine B-family homologs.[@bib13] Long-interspersed nuclear elements (LINEs) are longer retrotransposons (several thousand base pairs in length) containing 3′ end poly(A)-tracts, adenine-rich sequences, or tandem-repeating sequences.[@bib14] LINEs are independent elements that encode their own reverse transcriptase (RT) and endonuclease, allowing for genome migration.[@bib10]

The high abundance of SINEs (particularly Alu) in the blood of cancer patients was first reported in 1977.[@bib15] The much higher abundance of LINEs in the cfDNA of cancer patients, compared with healthy donors, was found later, but the described results were controversial.[@bib16]^,^[@bib17] Nevertheless, researchers have accumulated extensive data on the high levels of SINEs and LINEs, as well as the multiple mutations found in these elements, in the circulating cfDNA of cancer patients and murine models.[@bib18], [@bib19], [@bib20], [@bib21] Nowadays, the level of Alu repeats is commonly used to measure the concentration of specific tumor-derived cfDNA in blood serum.[@bib22]

Despite the extensive data, the role of SINEs and LINEs is still not fully understood, though there is evidence that the elements are regulators that activate onco-genes and suppress onco-suppressors. For example, suppression of the LINE-encoded RT in tumor cells leads to a reduction in tumor progression, both *in vitro* and *in vivo*.[@bib23] Insertions or deletions of various SINEs and LINEss also lead to the development or suppression of various forms of cancer and other diseases.[@bib24], [@bib25], [@bib26], [@bib27] However, the role of the repetitive part of the LINE-element remains unclear, and a reasonable explanation for the role of these elements in carcinogenesis is still unknown. The fact that metastases are often accompanied by a change in the number of SINEs and LINEs in tumor cells, metastatic cells, and the pool of cfDNA requires special attention and additional research.[@bib28]^,^[@bib29]

Previously, DNase I was demonstrated to display high anti-metastatic activity in several tumor models.[@bib30], [@bib31], [@bib32], [@bib33] The significant reduction (up to 90%) in the number and area of metastases in Lewis lung carcinoma-bearing mice after treatment with DNase I correlated with a decrease in blood cfDNA concentration and with the restoration of total deoxyribonuclease activity in blood serum to the level of healthy animals.[@bib34] Later, we revealed that the molecular targets of DNase I are oncogenes and tandem repeats, including the SINEs and LINEs overrepresented during tumor progression.[@bib35]

The main goal of our study was to reveal the effect of DNase I on SINEs and LINEs in the pool of circulating cfDNA under the tumor progression in mice and to find the relationship between the level of these tandem repeats and metastasis/tumor development. For these purposes we used three murine models: Lewis lung carcinoma, melanoma B16, and multiple drug resistant (MDR)-positive lymphosarcoma RLS~40~ (hereafter LLC, B16, and RLS~40~, respectively). The ability of the SINEs and LINEs derived from the blood serum of tumor-bearing mice to penetrate into tumor cells of another origin was studied to clarify the possibility of horizontal transfer.

Results {#sec2}
=======

Experiment Design {#sec2.1}
-----------------

In the first part of our experiments, the anti-metastatic activity of DNase I was studied using three murine tumor models of different histological types, highly relevant to human tumors. Lewis lung carcinoma LLC has epithelial origin and is related to human non-small cell lung cancer.[@bib36] Lymphosarcoma RLS~40~ with a multi-drug resistance phenotype is derived from hematopoietic tissue and is related to the human diffuse large B cell lymphoma.[@bib37] Melanoma B16 has neuroectodermal origin and is related to the human metastatic melanoma.[@bib38] The experimental scheme is depicted in [Figure 1](#fig1){ref-type="fig"}A. The effective dose range of DNase I was chosen on the basis of previously obtained data.[@bib34], [@bib35], [@bib36]Figure 1Design of the Experiment(A) The study of the effect of DNase I on inhibition of tumor development and relationship with SINE and LINE level in cfDNA. B16, LLC, or RLS~40~ cells were transplanted into C57BL/6J mice (B16 and LLC) or CBA mice (RLS~40~). Starting from the day 4 after the tumor transplantation, animals received intramuscularly saline buffer or DNase I (doses and regiment are indicated on the scheme). i.v., intravenous transplantation, i.m., intramuscular transplantation. (B) The study of the ability of SINEs and LINEs from cfDNA derived from blood of mice with LLC to penetrate KB-3-1 cells of human. Healthy, mice without tumors; w/t, mice with tumors receiving saline buffer; DNase I, mice with tumors receiving DNase I (0.12 mg/kg).

In the process of our study, we evaluated the number of metastases and metastasis inhibition index (MII, see [Materials and Methods](#sec4){ref-type="sec"}) in lungs for LLC and B16 models and liver for RLS~40~ model. cfDNA was isolated from blood serum of tumor-bearing mice 1 h after last injection of DNase I and used for the measurement of the SINE and LINE levels by qPCR.

The second part of our work was devoted to the study of the ability of SINEs and LINEs from the blood of LLC-bearing mice to penetrate human KB-3-1 cells *in vitro* ([Figure 1](#fig1){ref-type="fig"}B). The human epidermoid carcinoma KB-3-1 cell line was chosen to evaluate not only the ability of blood-derived cfDNA to penetrate into the cells, but also the possibility of interspecies horizontal transfer of DNA. KB-3-1 cells were incubated with cfDNA derived from blood of LLC-bearing mice for 3 days. Surface-bound cfDNA were removed to exclude them from the analysis, total DNA was isolated, and the level of SINEs and LINEs was measured. For detailed information, see [Materials and Methods](#sec4){ref-type="sec"}.

Evaluation of Anti-tumor and Anti-metastatic Activity of DNase I {#sec2.2}
----------------------------------------------------------------

At the beginning of our study, we used the dose of DNase I 0.12 mg/kg that corresponded the dose demonstrated the most antimetastatic effect in previous studies.[@bib34]^,^[@bib36] Intramuscular (i.m.) treatment of tumor-bearing mice with DNase I affected both primary tumor growth and metastatic spreading ([Figure 2](#fig2){ref-type="fig"}). As shown in [Figure 2](#fig2){ref-type="fig"}A, mice with LLC and RLS~40~, treated with DNase I tended to show a decrease in tumor volume: we found a 2-fold decrease in tumor volume for LLC (from 1.6 ± 0.2 in control to 0.8 ± 0.15 cm^3^ in experimental group) and a 1.5-fold decrease for RLS~40~ (from 1.2 ± 0.1 in control to 0.8 ± 0.1 cm^3^ in experimental group) ([Figure 2](#fig2){ref-type="fig"}A). The tumor growth inhibition (TGI) was calculated as described in the [Materials and Methods](#sec4){ref-type="sec"} section, and was 45% for LLC and 33% for RLS~40~, respectively.Figure 2Inhibition of Metastases in Mice with LLC, RLS~40~, and B16 under the Treatment with DNase I(A) Inhibition of primary tumor growth by DNase I (0.12 mg/kg). Data were statistically analyzed using Student's t test. Statistical significance *p* \< 0.05. (B) Metastasis inhibition index (MII) in the control and experimental groups. MII = (\[mean metastasis area ~control~ -- mean metastasis area ~experiment~\]/ mean metastasis area ~control~) × 100%. Data were statistically analyzed using one-way ANOVA with a post hoc Tukey test. Data are presented as mean ± SE. Statistical significance *p* \< 0.05. (C) Representative histological images of mouse organs with metastases (lungs and liver) treated with DNase I. Metastases are indicated by black arrows. Hematoxylin and eosin staining, original magnification ×400. w/t, mice with tumors receiving saline buffer; DNase I, mice with tumors receiving DNase I (0.12 mg/kg).

In all experimental groups of tumor-bearing mice, the administration of DNase I resulted in a significant decrease in the number of surface metastases in the lungs (B16 model) and a decrease in the area of internal metastases in the lungs (LLC and B16 models) and liver (RLS~40~ model), in comparison with the control animals. Inhibition of surface metastases development was assessed by counting metastases on the lung surface. In the control group with melanoma B16, the average number of surface lung metastatic foci was 117 ± 21, while in animals treated with DNase I it was 61 ± 11 (primary data not shown).

Inhibition of internal metastases development was assessed by counting the average metastases area and metastasis inhibition index (MII) using morphometric analysis ([Figure 2](#fig2){ref-type="fig"}B). The MII of the control group was taken as 0%, and the MII corresponding to 100% indicated the absence of metastases. We observed a 6-fold decrease in the internal lung metastasis area for LLC (*p* = 0.009), a 7.7-fold decrease in the internal liver metastasis area for RLS~40~ (*p* = 0.003), and a 9.4-fold decrease in the internal lung metastasis area for melanoma B16 (*p* = 0.0002). MII was calculated on the basis of meanings of internal metastases area. Histological and morphometric analysis revealed that the MII of mice with LLC, RLS~40~, and melanoma B16 treated with DNase I was approximately the same within the groups and amounted to 83%--89% on average ([Figure 2](#fig2){ref-type="fig"}B).

Morphometry of cross sections of lungs and liver ([Figure 2](#fig2){ref-type="fig"}C) show that DNase I administration evidently reduces the average metastases area. In histological studies, melanoma B16 in pulmonary metastatic foci was represented by atypical polymorphic and spindle-shaped cells containing the brown pigment melanin ([Figure 2](#fig2){ref-type="fig"}C, left panel). Primary tumor node and pulmonary metastatic foci of LLC consisted of polymorphic cells with a rounded shape and a large nucleus with large nucleoli and condensed chromatin grains ([Figure 2](#fig2){ref-type="fig"}C, middle panel). RLS~40~ primary tumor node and metastatic foci in the livers were represented by monomorphic atypical lymphoid cells with frequent mitosis ([Figure 2](#fig2){ref-type="fig"}C, right panel).

The Effect of DNase I on the Concentration of cfDNA in Blood of Tumor-Bearing Mice {#sec2.3}
----------------------------------------------------------------------------------

cfDNA was isolated from blood serum and processed, as described in the [Materials and Methods](#sec4){ref-type="sec"}. The cfDNA levels in the blood serum of healthy and tumor-bearing mice, before and after the treatment with DNase I, are shown in [Table 1](#tbl1){ref-type="table"}. The concentration of cfDNA in the blood of healthy C57Bl and CBA mice was 65 ± 10 ng/mL and 168 ± 32 ng/mL, respectively. Tumor progression in mice treated with saline buffer (control) resulted in a 2-fold increase in cfDNA concentration in the blood of animals with LLC (reached 138 ± 20 ng/mL) and RLS~40~ (reached 300 ± 91 ng/mL). The most pronounced increase in cfDNA concentration was found for mice with B16; in this case the cfDNA level reached 456 ± 82 ng/mL, which was 5- to 6-fold higher in comparison with healthy animals [Table 1](#tbl1){ref-type="table"}). DNase I treatment led to a significant reduction in cfDNA levels in the blood of mice with LLC and B16, but not in the blood of mice with RLS~40~. We observed a 2-fold and 1.5-fold decrease in cfDNA concentrations after DNase I treatment, for B16 and LLC, respectively.Table 1Primer Sequences Used for Real-Time PCRRepeat TypePrimer Sequences 5′-3′Amplicon LengthB1_Mm_F5′-TGGCGCACGCCTTTAAT-3′92B1_Mm_R5′-TCCTGGACCTCACTTTGTAGA-3′B1_mur4_F5′-AGGCGGATTTCTGAGTTCAA-3′91B1_mur4_R5′-GAGACAGGGTTTCTCTGTGTAG-3′B1_mus1_F5′-AGGCGGATTTCTGAGTTCAA-3′91B1_mus1_R5′-GAGACAGGGTTTCTCTGTGTAG-3′B1_mus2_F5′-GAGACAGGCGGATTTCTGAGT-3′71B1_mus2_R5′-TGTAGCCCTGGCTGTCCT-3′L1_mus 1_F5′-GCCAGGTATCTGTGCATCTT-3′87L1_mus 1_R5′-ACTCTAGCTCTCTCCTGAGTTT-3′L1Md_F\_F5′-GCTACTATACCGAGCCAAACTC-3′99L1Md_F\_R5′-GCTGGATTCGTGGAGAGATAAT-3′L1Md_Gf_F5′-GCTACTATACCCAGCCAAACTC-3′91L1Md_Gf_R5′-CGTGGAGAGATAATGCGTGAA-3′Lx2_mus1_F5′-ACATGGTATGTGCTCACTGATAA-3′96Lx2_mus1_R5′-CTCTTCCTTCTTGGGCTTCAT-3′

Analysis of Abundance of SINEs and LINEs in Blood of Tumor-Bearing Mice {#sec2.4}
-----------------------------------------------------------------------

Recently, we observed an increase in the representation of many types of tandem repeats upon LLC development (sequencing data[@bib35]). These tandem repeats are referred to as mobile genetic elements, such as retrotransposons, and most of the repeats are related to LINEs and SINEs.[@bib35] Treatment of LLC-bearing mice with DNase I caused a drop in the content of these elements in the bloodstream, thus showing that the anti-metastatic effect of DNase I could be executed by changing the profile of cfDNA, particularly the level of LINEs and SINEs. In other words, DNase I may target these elements.

To evaluate the abundance of SINEs and LINEs in the blood of mice with tumors of various origins and to clarify their role in metastases dissemination, we performed PCR analysis of SINEs and LINEs in cfDNA isolated from the blood of healthy mice, control tumor-bearing mice, and those treated with DNase I.

For the analysis, we chose four SINEs and four LINEs well represented in the sequencing data, whose level significantly increased upon LLC development and dropped after DNase I treatment.[@bib35] Four types of repeats belong to B1 subfamily (B1_Mm, B1_mur4, B1_mus1, and B1_mus2), three types of repeats belong to L1 subfamily (L1_mus 1, L1Md_F, and L1Md_Gf), and one type belongs to Lx subfamily (Lx2_mus 1). PCR primers for these repeats were selected for the first time (see [Materials and Methods](#sec4){ref-type="sec"}, [Table 2](#tbl2){ref-type="table"}).Table 2The cfDNA Levels in the Blood Serum of Healthy Mice and Mice with Tumors (B16, LLC, RLS~40~) Before and After the Treatment with DNase IMiceHealthy, ng/mLTumor Typew/t, ng/mLDNase I, ng/mLC57Bl65 ± 10B16456 ± 82246 ± 22LLC138 ± 2097 ± 16CBA168 ± 32RLS~40~300 ± 91292 ± 89[^1]

The levels of SINE and LINE fragments in cfDNA samples from different groups of mice were detected using real-time PCR. The PCR meanings were normalized to the concentration of cfDNA and volume of blood serum and expressed as arbitrary unit (a.u.). Normalized levels of SINEs and LINEs in the cfDNA samples from healthy mice, control tumor-bearing mice (w/t), and those treated with DNase I are shown in [Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}.Figure 3Boxplots of the Level of SINEs B1_Mm, B1_mur4, B1_mus1, and B1_mus2 among cfDNA in the Blood Serum of Healthy Mice, Mice with B16, LLC, or RLS~40~ Before and After the Treatment with DNase IData of qPCR. The fragment level is presented as arbitrary unit (a.u.). Data were statistically analyzed using one-way ANOVA with a post hoc Tukey test. Boxes represent 25^th^, 50^th^, and 75^th^ percentiles. Squares with line represent median. Whiskers represent minimum/maximum. Statistical significance *p* \< 0.05. Healthy, mice without tumors; w/t, mice with tumors receiving saline buffer; DNase I, mice with tumors receiving DNase I (0.12 mg/kg).Figure 4Boxplots of the Level of LINEs L1_mus1, L1Md_F, L1Md_Gf, and Lx_mus1 among cfDNA in the Blood Serum of Healthy Mice, Mice with B16, LLC, or RLS~40~ Before and After the Treatment with DNase IData of qPCR. The fragment level is presented as a.u. Data were statistically analyzed using one-way ANOVA with a post hoc Tukey test. Boxes represent 25^th^, 50^th^, and 75^th^ percentiles. Squares with line represent median. Whiskers represent minimum/maximum. Statistical significance *p* \< 0.05. Healthy, mice without tumors; w/t, mice with tumors receiving saline buffer; DNase I, mice with tumors receiving DNase I (0.12 mg/kg).

In the cfDNA of healthy mice, the SINEs and LINEs abundance was very low and varied depending on mouse line. In the blood of healthy C57BL/6 mice, the level of these elements was 0.05--0.08 a.u. ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}, panels B16 and LLC). cfDNA of CBA mice was characterized by a lower level of all SINEs (0.012--0.017 a.u.) and two LINEs (0.015 for L1_mus1 and Lx_mus1), whereas two other LINEs (L1Md_F and L1Md_Gf) were presented in amounts close to that found in the blood of healthy C57BL/6 mice (0.025; [Figure 4](#fig4){ref-type="fig"}, panel RLS~40~).

Progression of B16 and LLC tumors is accompanied by a significant increase in the abundance of SINEs and LINEs. In the case of B16 tumors, the level of SINEs increased 3--4 times ([Figure 3](#fig3){ref-type="fig"}, panel B16) and the level of LINEs increased 3--3.4 times ([Figure 4](#fig4){ref-type="fig"}, panel B16). Similarly, LLC development caused a 3.4- to 5-fold increase in the level of SINEs ([Figure 3](#fig3){ref-type="fig"}, panel LLC), while the level of LINEs increased even more significantly in comparison with SINEs: the abundance of LINEs increased from 3 times (for L1_mus1 and Lx_mus1) to 8 times (for L1Md_F) and 12 times (for L1Md_Gf; [Figure 4](#fig4){ref-type="fig"}, panel LLC). Progression of RLS~40~ was also accompanied by a 1.8--2.2 increase in the level of SINEs and LINEs, nevertheless, the level of these elements remained rather low and reached a maximum of 0.04 a.u. for SINEs ([Figure 3](#fig3){ref-type="fig"}, panel RLS~40~).

Treatment of B16- or LLC-bearing mice with DNase I lead to the decrease of SINEs and LINEs level to close to the level of healthy animals ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). In the case of RLS~40~-bearing mice, we observed a tendency for SINEs and LINEs abundance to decrease, but these changes were mainly statistically insignificant, decrease was only statistically significant for B1_Mm ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}, panel RLS~40~).

The Effect of DNase I Doses on the Level of SINEs and LINEs in Blood and Metastases in Tumor-Bearing Mice: B16 and RLS~40~ Models {#sec2.5}
---------------------------------------------------------------------------------------------------------------------------------

To investigate the DNase I dose effect, we used B16 and RLS~40~ tumor models. Tumors were induced and treatment was provided in mice, as described in the [Materials and Methods](#sec4){ref-type="sec"} section. The number of lung (B16 tumors) and liver (RLS~40~ tumors) metastases was determined by counting (B16) and by morphometric analysis (B16 and RLS~40~, [Figure 5](#fig5){ref-type="fig"}). Analysis of surface lung metastases in B16-bearing mice revealed that DNase I caused a decrease in metastases number in a dose-dependent manner. DNase I at a dose of 0.12 mg/kg reduced twice the metastases number (61 ± 11 *versus* 117 ± 21 in the control, [Figure 5](#fig5){ref-type="fig"}A). An increase in the dose of DNase I to 0.6 mg/kg led to a decrease in metastases number to 48 ± 10, however, a further increase of the dose to 1.2 mg/kg did not result in a significant reduction in metastases number (35 ± 5, [Figure 5](#fig5){ref-type="fig"}A). It is worth mentioning that, in the RLS~40~ model, DNase I at the dose of 0.12 mg/kg inhibited primary tumor growth by a factor of 1.5, compared to the control group ([Figure 2](#fig2){ref-type="fig"}B), and increasing the dose to 0.24 mg/kg resulted in tumor growth inhibition of a factor of 2.5 (primary data not shown). In the RLS~40~ model, DNase I at a dose of 0.12 mg/kg led to the inhibition of metastases of up to 87%, and doubling the dose caused an even more significant reduction of metastasis area of up to 100% ([Figure 5](#fig5){ref-type="fig"}D).Figure 5Dosage Effect of the DNase I on the Metastasis Number and SINEs/LINEs Levels in Blood Serum of Tumor-Bearing MiceMice with implanted B16 or RLS~40~ tumors received intramuscularly saline buffer (w/t) or DNase I (0.12--1.2 mg/kg) (for details see [Figure 1](#fig1){ref-type="fig"} and section [Materials and Methods](#sec4){ref-type="sec"}). (A) The number of surface metastasis for B16 model. (B) The level of B1_mus1 elements for B16 model. (C) The level of L1_mus1 elements for B16 model. (D). MII for RLS~40~ model. (E) The level of B1_mus1 elements for RLS~40~ model. (F) The level of L1_mus1 elements for RLS~40~ model. B1_mus1 and L1_mus1 were analyzed by qPCR. The fragment level is presented as a.u. Data were statistically analyzed using one-way ANOVA with a post hoc Tukey test. (A--C, E, and F) Data are presented as median. Boxes represent 25^th^, 50^th^, and 75^th^ percentiles. Squares with line represent median. Whiskers represent minimum/ maximum. (D) Data are presented as mean ± SE. Statistical significance *p* \< 0.05. Healthy, mice without tumors; w/t, mice with tumors receiving saline buffer; DNase I, mice with tumors receiving DNase I in different doses.

As expected, i.m. administration of DNase I caused a dose-dependent decrease in cfDNA concentration in the blood serum of B16-bearing mice. The concentration of cfDNA in the control group (C57Bl mice, melanoma B16) was 456 ± 82 ng/mL, whereas in the mouse groups receiving DNase I in the doses 0.12, 0.6, and 1.2 mg/kg, cfDNA concentrations were 246 ± 22, 92 ± 10, and 83 ± 6 ng/mL, respectively. In contrast to the B16 tumor model, we did not observe dose-dependent decreases of cfDNA concentration in RLS~40~ tumors: the concentration of cfDNA in the control group was 300 ± 91 ng/mL, whereas both at low doses (0.12--0.24 mg/kg) and high doses (0.6 and 1.2 mg/kg), we found statistically insignificant alterations in concentration averaging 286 ± 93 ng/mL.

The effect of DNase I dose on the content of SINEs and LINEs (B1_mus1 and L1_mus1) was analyzed by qPCR. The B16 progression led to a 3- to 4-fold increase in SINEs and 3- to 5-fold increase in LINEs, from 0.05 ± 0.02 a.u. and 0.06 ± 0.015 a.u. for healthy mice to 0.15 ± 0.045 a.u. and 0.17 ± 0.055 a.u. in B16-bearing mice, respectively ([Figures 5](#fig5){ref-type="fig"}B and 5C). DNase I treatment at low doses (0.12 mg/kg) led to a significant reduction of B1_mus1 and L1_mus1 levels in cfDNA, in a dose-dependent manner: the SINE and LINE levels were 0.05 ± 0.03 a.u. and 0.045 ± 0.03 a.u., respectively ([Figures 5](#fig5){ref-type="fig"}B and 5C). A further increase in the DNase I dose caused an even lower reduction of both B1_mus1 and L1_mus1 levels, coming close to levels in healthy mice: to 0.03 ± 0.01 a.u. and 0.02 ± 0.01 a.u., respectively ([Figures 5](#fig5){ref-type="fig"}B and 5C).

In the case of RLS~40~, the tumor progression led to a significant increase of SINE and LINE levels, from 0.012 ± 0.003 a.u. and 0.013 ± 0.005 a.u. (healthy mice) to 0.023 ± 0.003 a.u. and 0.026 ± 0.003 a.u., respectively ([Figures 5](#fig5){ref-type="fig"}E and 5F). DNase I treatment of RLS~40~-bearing mice was accompanied by less pronounced, but dose-dependent, effects on SINE and LINE levels in cfDNA, compared with the B16 melanoma model. At a low dose of DNase I, we observed a decrease in B1_mus1 and L1_mus1 levels (0.019 ± 0.002 a.u. and 0.023 ± 0.003 a.u., respectively), but it was statistically insignificant. Only at a dose of 0.24 mg/kg, we detected a significant reduction of B1_mus1 (0.015 ± 0.0015 a.u.) and a slight alteration of L1_mus (0.021 ± 0.0025 a.u.) ([Figures 5](#fig5){ref-type="fig"}D and 5F).

Study of the Ability of cfDNA Derived from Blood of Tumor-Bearing Mice to Penetrate KB-3-1 Cells {#sec2.6}
------------------------------------------------------------------------------------------------

At the beginning, we proved that the baseline level of SINEs and LINEs (B1-mus1 and L1_mus1) in KB-3-1 cells was 10^5^ times lower in comparison to B16, LLC, and RLS~40~ cells (primary data not shown). The experimental setup is depicted in [Figure 1](#fig1){ref-type="fig"}B. KB-3-1 cells were treated with cfDNA and then surface-cell bound DNA was removed to exclude them from the analysis. The total DNA was isolated and B1_mus1 and L1_mus1 levels were detected using qPCR. Normalized levels of SINEs and LINEs are shown in [Figures 6](#fig6){ref-type="fig"}B and 6C). No toxic effects of cfDNA on cell proliferation were detected.Figure 6Detection of SINE and LINEs in KB-3-1 Cells after Incubation with cfDNA Derived from Blood of Healthy Mice, Mice with LLC Treated with Saline Buffer, or DNase I(A) The levels of B1_mus1 SINE. (B) The levels of L1_mus1 LINE. Data of qPCR. The fragment level is presented as a.u. Data were statistically analyzed using one-way ANOVA with a post hoc Tukey test. Data are presented as mean ± SE. Statistical significance *p* \< 0.05. --, intact cells; healthy, cells incubated with blood-derived cfDNA of healthy mice; w/t, cells incubated with blood-derived cfDNA of LLC-bearing mice treated with saline buffer; DNase I, cells incubated with blood-derived cfDNA of LLC-bearing mice treated with DNase I.

We found that treatment of KB-3-1 cells with cfDNA, derived from the blood serum of healthy mice, did not lead to an increase in SINEs and LINEs in total DNA of KB-3-1 cells: the levels of these elements was close to the levels in untreated KB-3-1 cells ([Figures 6](#fig6){ref-type="fig"}B and 6C). Treatment of KB-3-1 cells with blood-derived cfDNA from LLC-bearing mice resulted in a 5-fold increase in B1-mus1 elements ([Figure 6](#fig6){ref-type="fig"}B). We found an 8-fold elevation in L1-mus1 levels in total DNA of KB-3-1 cells after cell treatment with blood-derived cfDNA from LLC-bearing mice ([Figure 6](#fig6){ref-type="fig"}C). Incubating KB-3-1 cells with blood-derived cfDNA of LLC-bearing mice, treated with DNase I, did not increase the level of SINEs in total DNA of KB-3-1 cells; the levels were comparable with those for untransfected cells and cells treated with healthy-derived cfDNA ([Figure 6](#fig6){ref-type="fig"}B). As for LINEs, their level was slightly higher than for untransfected cells and cells treated with blood-derived cfDNA of healthy mice; nevertheless, it was low and did not reach 0.01 ([Figure 6](#fig6){ref-type="fig"}C). Obtained results correlate with the decrease in SINEs and LINEs in the blood serum of mice with LLC after treatment with DNase I.

Discussion {#sec3}
==========

Previously we demonstrated that the anti-metastatic effect of DNase I is accompanied by an increase in deoxyribonucleic activity in the blood and a reduction in the concentration of circulating cfDNA, and the majority of changes are observed for tandem repeats, including those belonging to B, L1, and Lx families.[@bib35] In this work we analyzed the relation between the level of SINEs and LINEs in the blood-derived cfDNA of mice with different metastatic tumors---LLC, melanoma B16, and resistant lymphosarcoma RLS~40~ having relevance to human tumors[@bib37], [@bib38], [@bib39]---and the effect of DNase I on primary tumor and metastases.

Today, plasma is more often used both when working with animals and patients, nevertheless we chose blood serum as a source of cfDNA in connection with our previous studies where we analyzed cfDNA profile by NGS. In spite of serum is unavoidably contaminated by genomic DNA in our case this is only but a detail because the use of serum, in combination with the selected cfDNA isolation technique, allows isolating almost completely cfDNA material, including ultrashort sequences. Similarly, in PCR analysis, since we use internal normalization between samples, the contribution of genomic DNA can be neglected.

Our results demonstrated that DNase I affects both primary tumor growth and metastases spreading. In RLS~40~ and LLC models, DNase I inhibited primary tumor growth by factor 1.5--2 and metastases development by factor 6--9. It should be noted that this is the first time DNase I has been observed to induce such a significant retardation of primary tumor growth in RLS~40~ and LLC models, although no such effect for LLC model was previously detected that can be explained by different conditions of the experiment.[@bib34] It is worth noting that other research did not observe the effect of DNase I on primary tumor node in the xenograft model of human pancreatic[@bib32] and lung cancer[@bib40] on murine model and glioma on rat model.[@bib41] Only when using a mixture of DNase I and proteases (papain, trypsin, and chymotrypsin) authors demonstrate a significant decrease in the size of the tumor node.[@bib40] Nevertheless, DNase I was shown to decrease the proliferation rate of tumor cells *in vitro*[@bib33]^,^[@bib42] and reduced the concentration of extracellular cfDNA in culture medium.[@bib42] Thus, the data on the inhibition of the primary tumor growth by DNase I *in vivo* are consistent with the data on the effect of DNase I on tumor cell proliferation obtained *in vitro*.

We found that the development of all three types of tumors is accompanied by both an increase in the total concentration of cfDNA in blood of tumor-bearing mice ([Table 1](#tbl1){ref-type="table"}) and an increase in the level of SINEs and LINEs in the blood-derived cfDNA content ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Our data demonstrated that DNase I caused the decrease in the level of SINEs and LINEs in blood of tumor-bearing mice that correlated with the inhibition extent of primary tumor growth and metastases development. We suggest that DNase cleaves cfDNA in the blood in a nonrandom manner, and the observed decrease in the level of SINEs and LINEs may be due to their significantly higher accessibility to cleavage. In B16 and RLS~40~ models, we observed a dose-dependent effect of DNase I on the number of metastases, which correlated with a decrease in both the total concentration of cfDNA and the abundance of SINEs and LINEs.

The essential increase of SINEs in the blood of mice under tumor development is in agreement with recent data on the elevation of Alu repeats in the blood of patients with non-small cell lung cancer (NSCLC), breast cancer, and ovarian cancer.[@bib1]^,^[@bib6], [@bib7], [@bib8]^,^[@bib43] Despite the fact that overexpression of RT encoded by LINEs has been previously detected in tumors,[@bib23]^,^[@bib44]^,^[@bib45] this is the first demonstration of the alteration of LINE levels in circulating blood-derived cfDNA under tumor progression.

The possible role of SINEs and LINEs in carcinogenesis is currently widely discussed. The data accumulated so far show there is a higher abundance of Alu-fragments in blood-derived cfDNAs of cancer patients, in comparison with healthy donors.[@bib46] It has been repeatedly observed that an increase in the number of Alu elements among cfDNA, in the development of many cancers, correlates with disease development stage and severity.[@bib21]^,^[@bib47] Disruption of gene integrity due to the insertion of Alu-repeats leads to a change in methylation patterns, and transcription of the gene results in the development of diseases, including cancer.[@bib10]^,^[@bib27] Insertions and deletions of LINEs can also alter the gene expression and lead to unequal recombination and instability of the genome, changes in cell phenotype and the acquisition of malignant cell traits.[@bib17]^,^[@bib48], [@bib49], [@bib50] There are also data showing that somatic mutations of proto-oncogenes and onco-suppressors, caused by the insertion of retrotransposons, lead to the appearance of tumors.[@bib24], [@bib25], [@bib26]

The increasing levels of SINEs and LINEs in tumor and their involvement in metastatic spreading is clear. The role of cfDNAs in carcinogenesis is supported by the genometastatic hypothesis of the phenomenon of tumor-derived circulating cfDNA horizontal transfer into normal cells.[@bib51], [@bib52], [@bib53] From this point of view, the presence of large quantities of tumor-derived cfDNAs, including SINEs and LINEs, in the blood of cancer patients, suggests they may carry certain "tumor-induced" properties to normal cells.[@bib51]

There is some evidence that cfDNA can be transferred horizontally in recipient cells by apoptotic bodies, virosomes, and exosomes.[@bib53], [@bib54], [@bib55] Our data show that murine-specific SINEs and LINEs, derived from blood of LLC-bearing mice, can be captured in naked form by cells of human origin, evidence of the ability of tandem repeats to participate in interspecies horizontal gene transfer. The anti-metastatic effect of DNase I may be explained with the hypothesis of genometastases: DNase I causes a degradation of cfDNAs, including SINEs and LINEs, thus reducing the rate of metastases spreading.

Thus, DNase I reduced the levels of SINEs and LINEs in the bloodstream of tumor-bearing mice, which correlated with a pronounced anti-metastatic effect on several murine tumor models. To conclude, we can postulate that tandem repeats related to SINE and LINE retrotransposons can be used as universal markers of carcinogenesis, and by all appearances play important roles in metastases development.

Materials and Methods {#sec4}
=====================

Cell Cultures {#sec4.1}
-------------

Human epidermoid carcinoma KB-3-1 cell line was purchased from the Institute of Cytology (Russian Academy of Sciences, St. Petersburg, Russia). Mouse melanoma B16 cell line was purchased from N. N. Blokhin Cancer Research Center, Moscow, Russia. The modified mouse MDR-positive lymphosarcoma RLS~40~ cells were obtained from the cell collection of the Institute of Chemical Biology and Fundamental Medicine (SB RAS). Mouse Lewis lung carcinoma cell line was generously provided by Dr. N.A. Popova (Institute of Cytology and Genetics, SB RAS). B16 and KB-3-1 cells were grown on DMEM, containing 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic solution (10 mg/mL streptomycin, 10,000 IU/mL penicillin, and 25 μg/mL amphotericin (IMP Biomedicals, Germany) at 37°C in a humidified atmosphere with 5% CO~2~. RLS~40~ and LLC cells were grown on IMDM media, containing 10% FBS, 100 units/mL penicillin, 100 μg/mL streptomycin, 2 mM glutamine, and 40 mM vinblastine at 37°C, in a humidified atmosphere with 5% CO~2~.

Tumor Strains {#sec4.2}
-------------

The LLC tumor strain was obtained from the vivarium of The Institute of Cytology and Genetics (ICG) SB RAS, Novosibirsk, Russia. RLS~40~ are permanently maintained in CBA mice in the form of ascites by intraperitoneal injection of 1 × 10^6^ tumor cells.

Mice {#sec4.3}
----

Male 10- to 14-week-old C57BL/6J and CBA/LacSto (hereinafter, C57Bl and CBA) mice were obtained from the vivarium of ICBFM SB RAS, Novosibirsk, Russia. Mice were housed in plastic cages (10 animals per cage) under normal daylight conditions. Water and food were provided *ad libitum*. All animal procedures were carried out in strict accordance with the approved protocol and recommendations for proper use and care of laboratory animals (ECC Directive 2010/63/EU). The experimental protocols were approved by the Committee on the Ethics of Animal Experiments with the Institute of Cytology and Genetics SB RAS (ethical approval number 22.11 from 30.05.2014) and all efforts were made to minimize suffering.

At the start of the experiments, animal weight (mean ± SD) was 20.2 ± 1.5 g. To perform tumor studies, we used 20 animals per group.

Tumor Transplantation and Design of Animal Experiments {#sec4.4}
------------------------------------------------------

### Melanoma B16 Model {#sec4.4.1}

To generate a metastatic model of melanoma B16 tumor, we inoculated 1 × 10^5^ cells suspended in 0.2 mL of saline buffer into the lateral tail vein of C57Bl mice. On day 4 after tumor transplantation, mice with B16 were assigned to four groups (n = 20 per group): (1) control, received i.m. saline buffer (0.1 mL), and (2), (3), and (4) received i.m. DNase I at the doses of 0.12, 0.6, and 1.2 mg/kg (0.1 mL).

### RLS~40~ Model {#sec4.4.2}

Solid tumors RLS~40~ were induced by i.m. injection of RLS~40~ 1 × 10^6^ cells suspended in 0.1 mL of saline buffer into the right thighs of CBA mice. On day 4 after tumor transplantation, mice with RLS~40~ were assigned to three groups (n = 20 per group): (1) control, received i.m. saline buffer (0.1 mL), and (2) and (3) received i.m. DNase I at the doses of 0.12 and 0.24 mg/kg (0.1 mL).

### LLC Model {#sec4.4.3}

Solid tumors LLC were induced by i.m. injection of LLC 1 × 10^6^ cells suspended in 0.1 mL of saline buffer into the right thighs of C57Bl mice. On day 4 after tumor transplantation, mice with LLC were assigned to two groups (n = 20 per group): (1) control, received i.m. saline buffer (0.1 mL) and (2) received i.m. DNase I at the dose of 0.12 mg/kg (0.1 mL).

In the study, bovine pancreatic DNase I (type IV, lyophilized powder, ≥2,000 Kunitz units/mg protein, Sigma-Aldrich, USA) was used. DNase I was administered daily except for weekends. The total number of injections was 10 for B16 and LLC, and 12 for RLS~40~.

Tumor size was determined on alternate days with caliper measurements in three perpendicular dimensions. Tumor volumes were calculated as V = (π/6 × length × width × height).

The tumor growth inhibition (TGI) was calculated by the formula: TGI (%) = (V control -- V experiment) / V control × 100%, where V control, average tumor volume in the control group (cm^3^); V experiment, average tumor volume in the DNase I groups (cm^3^).

On day 22 after B16, on day 15 after LLC, and day 19 after RLS~40~ transplantation, blood samples (1 mL) were collected from the retro-orbital sinus 60 min after the last injection of DNase I. Then mice were sacrificed and the organs occupied by metastases (lungs and livers) were isolated and fixed in 4% neutral-buffered formaldehyde for subsequent histological analysis.

Analysis of the Number and Area of Metastases {#sec4.5}
---------------------------------------------

To study anti-metastatic action of DNase I, we carried out evaluation of surface and internal metastases in lungs (melanoma B16 and LLC) and livers (RLS~40~).

Surface metastases in the lungs (B16 model) were counted using a binocular microscope. Internal metastases in lungs (B16 and LLC models) and livers (RLS~40~ model) were analyzed using histology. For histological evaluation of internal metastases, fixed lungs and livers were dehydrated in ascending ethanols and xylols and embedded in HISTOMIX paraffin (BioVitrum, Russia). Paraffin sections (5 μm) were sliced on a Microm HM 355S microtome (Thermo Fisher Scientific, USA), stained with hematoxylin and eosin, microscopically examined and scanned. Images were obtained using an Axiostar plus microscope equipped with an Axiocam MRc5 digital camera (Zeiss, Germany). The percentages of the internal metastases areas were determined relative to the total area of sections using Adobe Photoshop Software at magnification ×100.

Inhibition of metastases development was assessed by morphometry using the metastasis inhibition index (MII), calculated as MII = \[(mean metastasis area~control~ -- mean metastasis area~experiment~) / mean metastasis area~control~\] × 100%. The MII of the control group was taken as 0% and the MII, corresponding to 100%, reflected the absence of metastases.

Each studied group included 20 mice and 10 random fields were studied in each specimen, forming in total 200 fields for each group of mice.

Blood Serum Preparation {#sec4.6}
-----------------------

Blood samples (1 mL) from tumor-bearing mice treated with saline buffer or DNase I were collected from the retro-orbital sinus 60 min after the last injection. Blood samples from healthy mice (0.2 mL) were collected from the retro-orbital sinus 4 times with an interval of 7 days. Blood serum was prepared from the whole blood by clot formation at 37°C for 30 min and at 4°C overnight, followed by clot discard, and centrifuged (4,000 rpm, 4°C, 20 min) to remove cell debris. Serum samples were stored at −70°C until use.

Isolation of cfDNA from Blood Serum {#sec4.7}
-----------------------------------

Serum samples from six animals of each group were pooled according to the groups. cfDNA was isolated from the blood serum by extraction with phenol (phenol-Tris-HCl, pH 8.0) and chloroform, followed by concentration using a QIAquick Gel Extraction Kit (QIAGEN, USA). The concentration of cfDNA was measured by a Qubit fluorometer (Invitrogen, USA) using a Quant-iT dsDNA HS Assay Kit (Invitrogen, USA), according to the manufacturer's recommendations.

Treatment of KB-3-1 Cells with cfDNA Derived from Blood of LLC-Bearing Mice {#sec4.8}
---------------------------------------------------------------------------

KB-3-1 cells were seeded in a 24-well plate (30 × 10^3^ /well) and cultivated in DMEM, supplemented with 10% FBS and 1% antibiotic-antimycotic solution, at 37°С in a humidified atmosphere containing 5% CO~2~ for 12 h. Medium was discarded and cells were either treated with 100 ng of cfDNAs from the pooled blood serum of healthy or tumor-bearing mice, treated with saline buffer or DNase I (n = 10). After 3 days of incubation, cells were harvested with 0.25% trypsin-EDTA solution (Sigma-Aldrich), washed with PBS, and stored at −20°C before use. The number and viability of harvested cells was measured using Gorjaev's chamber and Automated Cell Counter TC20 (Bio-Rad, Singapore).

Total DNA Isolation {#sec4.9}
-------------------

KB-3-1 cells were washed with PBS twice after harvesting with 0.25% trypsin-EDTA solution (IMP Biomedicals, Germany), mildly trypsinized with 20 μL trypsin, and centrifuged (1,200 rpm) for 20 min at 4°C. Supernatant with surface-bound cfDNA was discarded. Cells were mixed with the lysis buffer (100 mM Tris-HCl, pH 8.0; 5 mM EDTA, pH 8.0; 200 mM NaCl; 0.2% SDS, 10 ng proteinase K) and incubated at 65°C for 4 h. After that DNA was extracted as described above. The concentration of total DNA was measured by a Qubit fluorometer (Invitrogen, USA) using a Quant-iT dsDNA HS Assay Kit (Invitrogen, USA), according to the manufacturer's recommendations.

Primer Selection {#sec4.10}
----------------

RepeatMasker version 3.1.0 from <http://www.repeatmasker.org> was used to identify sequences of SINEs and LINEs in the FASTA files from the mouse genome release 31 from Ensembl's website (<http://www.ensembl.org/index.html>). The obtained FASTA, containing the sequences of all repeats related to chosen type, was size-selected and clustered using USEARCH free software (<http://www.drive5.com/usearch>). The obtained consensus sequences were aligned to the mice genome (MM9) using Unipro UGENE 1.26 (<http://ugene.net/ru/>). Aligned sequences were used for primer selection with IDT PrimerQuest Tool (<https://eu.idtdna.com>). The list of primers is presented in [Table 2](#tbl2){ref-type="table"}.

Real-Time PCR {#sec4.11}
-------------

The alteration of SINEs and LINEs in cfDNAs, from blood plasmа or total DNA from KB-3-1, was detected by SYBR-Green-based quantitative real-time PCR. The PCR mixture (20 μL) consisted of 5 μL of cfDNA (0.1--0.5 ng per reaction), 10 μL of SYBR--green-containing BioMasterCor HS-qPCR (BiolabMix, Russia) and 0.6 μmol of each primer ([Table 2](#tbl2){ref-type="table"}). The cycling conditions were as follows: 95°C for 6 min for pre-denaturation; and 95°C for 15 s, 59°C for 20 s, 65°C for 60 s, for 30 cycles; followed by melting curves analysis. The expression level of each gene was indicated by the number of cycles needed for the DNA amplification to reach a threshold. The amount of DNA was calculated from the number of cycles by using standard curves and calculated automatically related to the same healthy sample. The data were analyzed using *ΔCT* method.

Statistics {#sec4.12}
----------

All experiments were reproduced in triplicate. Data on inhibition of primary tumor growth were statistically processed using Student's t test (two tailed, unpaired). MII, metastasis number, and PCR data were statistically processed using one-way ANOVA. Post hoc testing was completed using a post hoc Tukey test; *p* \< 0.05 was considered to be statistically significant. The statistical package STATISTICA version 10.0 was used for analysis.
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[^1]: w/t, mice with tumors receiving saline buffer; DNase I, mice with tumors receiving DNase I (0.12 mg/kg). Data were statistically analyzed using one-way ANOVA with a post hoc Tukey test. Data are presented as mean ± SE. Statistical significance *p* \< 0.05. Statistical differences between groups *p* \< 0.0001.
